Introduction {#S0001}
============

COPD is a chronic airway disease characterized by persistent respiratory symptoms (such as mucus hypersecretion) and airflow limitation mostly associated with cigarette smoke (CS). CS-induced chronic mucus hypersecretion (CMH) and airway inflammation are critical targets contributing to COPD pathogenesis.[@CIT0001] Importantly, CMH is associated with airway inflammation[@CIT0002] and lung function decline in COPD.[@CIT0003]

Medications which decrease CMH may confer therapeutic effects on the treatment of COPD. Carbocisteine, a well-tolerated mucolytic agent, has been extensively used in COPD.[@CIT0004],[@CIT0005] Carbocisteine has been shown to markedly prevent COPD exacerbations[@CIT0006] and alleviate oxidative stress and inflammatory-induced injury in vitro[@CIT0007]--[@CIT0009] and in vivo.[@CIT0010],[@CIT0011] Carbocisteine also altered mucus properties by balancing the fucose and sialic acid contents on mucins.[@CIT0012],[@CIT0013] Mucin 5B (MUC5B) and mucin 5AC (MUC5AC) are major secreted mucins highly expressed in the airways and are implicated in respiratory diseases with CMH.[@CIT0014],[@CIT0015] MUC5AC is responsible for airway hyper-responsiveness in asthma mice model[@CIT0016] and increased significantly in patients with asthma.[@CIT0017] Unlike MUC5AC, production of MUC5B is decreased in asthma.[@CIT0018] Roy et al found that Muc5b was critical to maintaining airway defense.[@CIT0019] Moreover, MUC5B production was significantly augmented and the ratio of MUC5B to MUC5AC (MUC5B/MUC5AC ratio) was increased and correlated with lower FEV1 in COPD.[@CIT0020] Therefore, changes in mucin components might play important roles in COPD pathogenesis.

Although carbocisteine decreased human elastase-induced MUC5AC expression in NCI-H292 cells[@CIT0021] and reduced MUC5AC expression that alleviated bacteria adhesion and improved mucus clearance,[@CIT0006] the roles of carbocisteine in inducing Muc5b expression in COPD remain unclear.

Importantly, we have previously proved that carbocisteine markedly reduced the rate of COPD acute exacerbations[@CIT0006] and alleviated oxidative stress and inflammatory-induced injury, which have been shown to activate MAPK and NF-kB signaling pathways,[@CIT0007],[@CIT0008] reinforcing the possibility that carbocisteine may regulate Muc5b expression via activation of MAPK and NF-kB signaling pathways in COPD. We sought to investigate whether carbocisteine confers therapeutic effects through altering Muc5ac and Muc5b expression in COPD mice model.

Materials and methods {#S0002}
=====================

Preparation of carbocisteine and carboxymethylcellulose {#S0002-S2001}
-------------------------------------------------------

Carbocisteine (Wuhan Yuanda Hong Yuan Pharmaceutical Company, Wuhan, China) was dissolved in 0.3% carboxymethylcellulose solution for homogenization. Mice were administered with a gavage of carbocisteine at 112.5 mg/kg/d or 225 mg/kg/d for 12 weeks, respectively.

Establishment of COPD mice model {#S0002-S2002}
--------------------------------

Cigarette (Guangdong tobacco industry, Guangzhou, China) smoking exposure combined with airway lipopolysaccharide (LPS) inhalation could imitate the occurrence and development of COPD.[@CIT0022],[@CIT0023] Male C57B6J mice at 8 weeks of age (21.6±1.5 g) were provided by Nanjing Institute of Biomedical Sciences, and were randomly divided into four groups (n=12 each): control \[normal saline (NS) intratracheal instillation\], COPD (CS exposure with LPS intratracheal instillation), low-dose carbocisteine group (CS exposure with LPS intratracheal instillation +112.5 mg/kg/d carbocisteine), high-dose carbocisteine group (CS exposure with LPS intratracheal instillation +225 mg/kg/d carbocisteine). LPS or NS was instilled intratracheally at 7.5 μg/50 μL under anesthesia with isoflurane at days 1 and 14 ([Figure 1A](#F0001){ref-type="fig"}). Mice were exposed to CS or room air for 2 hrs twice daily for 12 weeks. Furthermore, carboxymethylcellulose and different doses of carbocisteine were administered orally once daily to mice for 12 weeks ([Figure 1B](#F0001){ref-type="fig"}). Water and diet were freely accessed. All animal experiments were approved by the Animal Ethical Committee of Guangzhou Medical University and according to the National Institutes Guidelines.Figure 1(**A**) Protocol for LPS or NS intratracheal instillation. (**B**) The technical roadmap of this study.

Lung function measurement {#S0002-S2003}
-------------------------

At week 12, pulmonary function was measurement in a forced pulmonary maneuver system (Buxco Research Systems, USA). Animals were mechanically ventilated and the functional residual capacity (FRC), airway resistance (RI) and dynamic compliance (Cdyn) were recorded, as previously described.[@CIT0001]

Bronchoalveolar lavage (BALF) and lung tissue sections {#S0002-S2004}
------------------------------------------------------

BALF was obtained via tracheal instillation thrice of ice-cold saline (0.6 mL), with a mean of 1.5 mL fluid recovered. BALF was used to determine protein concentrations with ELISA and inflammatory cell count was assessed under light microscopy. The left lung was fixed with 10% formalin at a constant hydrostatic pressure of 25 cm H~2~O.[@CIT0024] The sample was then dehydrated and embedded in paraffin, followed by staining of tissue sections with HE for assessing histopathology by calculating the mean linear intercept (MLI). The right lung was homogenized immediately with Trizol reagent (Invitrogen, USA) and stored at −80°C for subsequent qPCR assessment.[@CIT0025]

ELISA {#S0002-S2005}
-----

We measured Muc5ac and Muc5b (Santa Cruz, USA) protein levels with ELISA, as previously described.[@CIT0012],[@CIT0026] The concentration of IL-6 (eBioscience, USA) and keratinocyte-derived cytokine (KC) (R&D Systems Inc.,USA) were determined with ELISA kits following the manufacturers' protocol.

RNA extraction and real-time PCR {#S0002-S2006}
--------------------------------

Total RNA was extracted and synthesized cDNA from lung tissue homogenate,[@CIT0025] and 1 mg of total RNA was reverse transcribed using the Prime Script RT Reagent Kit (Perfect Real Time; Takara, Japan) to detect relative mRNAs. Quantitative real-time PCR was performed in triplicates on a LightCycler^®^ 480 II quantitative PCR system (Roche, Applied Science) as previously described[@CIT0027] The cycle conditions were as follows: 95°C for 15 mins followed by 94°C for 5 s, 40 cycles of 57.5°C for 15 s, 72°C for 20 s and 95°C for 1 min. The Ct values obtained from different samples were compared using the 2^−ΔΔCt^ method. Primers of genes were designed by Sangon Biotech (Shanghai, China). The primer sequences were as follows: Muc5b[@CIT0028] Forward: 5′- GTGAGGAGGACTCCTGTCAAGT-3′ and Reverse: 5′-CCTCGCAGAAGGTGATGTTG-3′; Muc5ac[@CIT0016] Forward:5′- ATGGGCTGTGTTCCTGTGTC-3′ and Reverse: 5′- CAGAACATGTGTTGGTGCAGTC-3′;tumor necrosis factor-α (TNF-α)[@CIT0029] Forward: 5′-AGGGTCTGGGCCATAGAACT-3′ and Reverse: 5′-CCA CCACGCTCTTCTGTCTAC-3′; 18S[@CIT0030] Forward: 5′-GCAATTATTCCCCATGAA CG-3′ and Reverse: 5′-GGCCTCACTAAACCATCCAA-3′; GAPDH[@CIT0031] Forward: 5′- GGTGAAGGTCGGTGTGAACG-3′ and Reverse: 5′-CTCGCTCCTGGAAGA TGGTG-3′. The relative gene expression levels were normalized to the endogenous control (18S and GAPDH). The 18S and GAPDH are one of the most commonly used housekeeping genes used in comparisons of gene expression data.[@CIT0011],[@CIT0028],[@CIT0043]

Statistical analysis {#S0002-S2007}
--------------------

Data were expressed as mean ± SD or medians (inter-quartile range). Comparisons of multiple groups were analyzed using one-way ANOVA or nonparametric test if appropriate. The correlations between Muc5b/Muc5ac ratio and other indices were assessed with Spearman or Pearson correlation coefficient. *P*\<0.05 was considered statistically significant. All analyses were performed using SPSS version 22.0 (SPSS Inc., USA).

Results {#S0003}
=======

Successfully established COPD mice model {#S0003-S2001}
----------------------------------------

CS exposure with LPS intratracheal instillation established COPD mice model which exhibited emphysematous destruction, remodeling of airway epithelial, chronic mucus hypersecretion and increased inflammatory cells in the BALF and lung tissue, compared with the control group. Furthermore, pulmonary function in COPD group was decreased, which manifested a decrease in Cdyn and increases in RI and FRC. All these results indicated that the model we established was available for pathophysiological studies of COPD.

Carbocisteine attenuated Muc5ac and Muc5b overproduction in COPD mice model {#S0003-S2002}
---------------------------------------------------------------------------

We noted significant increases in Muc5ac and Muc5b protein levels in COPD mice models. Carbocisteine, especially at higher doses, significantly reduced Muc5ac and Muc5b in BALF ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). We also found substantially lower Muc5b/Muc5ac ratio in COPD mice models compared with control group (1.6±0.8 vs 3.8±1.5; *P*\<0.01). The Muc5b/Muc5ac ratio was higher in carbocisteine treatment groups, especially in the high-dose group (*P*\<0.001, [Figure 2C](#F0002){ref-type="fig"}). Muc5b and Muc5ac genes were expressed at high levels in COPD mice models ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}). However, high-dose carbocisteine attenuated Muc5b gene expression significantly (*P*\<0.01, [Figure 2D](#F0002){ref-type="fig"}) and decreased Muc5ac gene expression levels ([Figure 2E](#F0002){ref-type="fig"}).Figure 2(**A**) The levels of Muc5b protein in BALF. (**B**) The levels of Muc5ac protein in BALF. Data are expressed as medians. (A nonparametric Wilcoxon rank-sum test was applied for comparisons between study groups). (**C**) The Muc5b/Muc5ac ratio in BALF; (**D**) Muc5b, (**E**) Muc5ac gene expression is normalized against 18S expression. Data are expressed as mean ± SD. n=7--11. (One-way ANOVA with LSD multiple comparisons test) \#*P*\<0.05, \#\#*P*\<0.01, \#\#\#*P*\<0.001 compared with COPD mice model, \*\**P*\<0.01 compared between carbocisteine groups.

Effects of carbocisteine on lung tissue inflammation {#S0003-S2003}
----------------------------------------------------

In COPD mice model, we observed infiltration of inflammatory cells, predominantly neutrophils, in the peribronchial and alveolar regions. Administration with carbocisteine, especially at higher doses, attenuated inflammatory cells infiltration ([Figure 3A](#F0003){ref-type="fig"}). Similar findings were observed for the total BALF inflammatory cell count, particularly in the high-dose carbocisteine group ([Figure 3B](#F0003){ref-type="fig"}). Consistently, BALF pro-inflammation cytokines such as KC and IL-6 were increased in COPD mice models, which tended to be reduced in high-dose carbocisteine group ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). We also found that high-dose carbocisteine significantly inhibited TNF-α expression in lung tissues ([Figure 3E](#F0003){ref-type="fig"}).Figure 3Effects of carbocisteine on lung inflammation in COPD mice model. (**A**) Pulmonary pathology in four groups. Scale bars, 100 μm. (**B**) The total inflammatory cell counts and the concentrations of pro-inflammatory cytokines (IL-6 (**C**) and KC (**D**)) in BALF. (**E**) The pro-inflammatory cytokines (TNF-α) in lung tissue are measured by qPCR. Data are expressed as medians (inter-quartile range), n=8--11. \#*P*\<0.05, \#\#*P*\<0.01, \#\#\#*P*\<0.001 compared with COPD mice models (a nonparametric Wilcoxon rank-sum test was applied for comparisons among multiple groups).

Carbocisteine protected against emphysema in COPD mice model {#S0003-S2004}
------------------------------------------------------------

HE staining of lung tissues in COPD mice model revealed destructed alveolar walls, with significantly enlarged alveolar spaces and inflammatory cell infiltration ([Figure 4A](#F0004){ref-type="fig"}). In contrast, in the control group, the alveolar walls remained intact without inflammatory cell infiltration. The MLI significantly increased by 1.7-fold in COPD mice model compared with the control group, whereas carbocisteine significantly reduced the MLI from 68.6±2.6 μm to 57.5±5.3 μm (*P*\<0.001) in low-dose carbocisteine group and from 68.6±2.6 μm to 49.4±4.0 μm (*P*\<0.001) in high-dose carbocisteine group. The MLI differed significantly between the two carbocisteine groups (*P*\<0.01) ([Figure 4B](#F0004){ref-type="fig"}).Figure 4(**A**) Alveolar architecture of four groups stained with HE staining. Scale bars, 100 μm. (**B**) Morphometric measurements of MLI in lung tissues. Data are expressed as mean ± SD, n=8. \#\#\#*P*\<0.001 compared to model group, \*\**P*\<0.01 compared between the two carbocisteine groups (one-way Analysis of Variance (ANOVA) with Fisher's Least Significant Difference (LSD) multiple comparisons test).

Effects of carbocisteine on pulmonary function {#S0003-S2005}
----------------------------------------------

There were significant increases in FRC (0.6±0.13 *vs* 0.39±0.10, *P*\<0.01) and RI (0.79±0.12 vs 0.55±0.10, *P*\<0.001) and decreases in Cdyn (0.02±0.006 vs 0.03±0.005, *P*\<0.01) in COPD mice model, compared with control group ([Figure 5](#F0005){ref-type="fig"}). However, FRC remained unchanged throughout treatment courses ([Figure 5A](#F0005){ref-type="fig"}). In the low- and high-dose carbocisteine groups, there were significant improvements in RI (*P*\<0.01, *P*\<0.001, respectively) and Cdyn (*P*\<0.05, *P*\<0.01, respectively), compared with COPD model group ([Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}), but all the pulmonary function parameters were no significant difference between the two carbocisteine treatment groups.Figure 5Effects of treatment with carbocisteine on lung function impairment in COPD mice model. (**A**) Functional residual capacity (FRC), (**B**) airway resistance (RI), (**C**) dynamic compliance (Cdyn). This was separately calculated for each group. Data are expressed as mean ± SD, n=7--8. \#*P*\<0.05, \#\#*P*\<0.01, \#\#\#*P*\<0.001 compared to model group; \*\**P*\<0.01 between the underlined groups. (one-way ANOVA with LSD multiple comparisons test).

Correlations between the Muc5b/Muc5ac ratio and other parameters {#S0003-S2006}
----------------------------------------------------------------

The correlations between the Muc5b/Muc5ac ratio and lung function, MLI, IL-6, KC and TNF-α mRNA levels were examined in all experimental mice. Overall, we found an inverse correlation between the Muc5b/Muc5ac ratio and other parameters, including the FRC, RI, MLI, total cell count, IL-6, KC and TNF-α mRNA. However, the Muc5b/Muc5ac ratio positively correlated with Cdyn in all experimental mice model ([Table 1](#T0001){ref-type="table"}).Table 1Correlation between the Muc5b/Muc5ac ratio and other parametersThe Muc5b/Muc5ac ratioN*PP*FRC29−0.442\<0.05RI29−0.439\<0.05Cdyn290.561\<0.01MLI31−0.506\<0.01Total cells31−0.432\<0.05IL-631−0.611\<0.001KC31−0.540\<0.01TNF-α mRNA31−0.420\<0.05

Discussion {#S0004}
==========

We found that carbocisteine significantly restored the Muc5b/Muc5ac ratio, together with decreased neutrophil counts, KC and IL-6 levels, and TNF-α mRNA expression in COPD mice model. Furthermore, carbocisteine significantly improved lung function, as reflected by the RI and Cdyn. Notably, the Muc5b/Muc5ac ratio negatively correlated with pro-inflammatory cytokines levels, FRC and RI, but positively correlated with Cdyn. Carbocisteine also dose-dependently attenuated airway inflammation and reduced MLI and expression of Muc5b.

In addition to attenuating CMH, carbocisteine has been shown to alleviate inflammatory cell infiltration and decrease pro-inflammation cytokines levels in COPD mice models.[@CIT0010],[@CIT0011],[@CIT0025] We sought to investigate whether carbocisteine, especially when administered at higher doses, could significantly attenuate pro-inflammatory cytokines. Our findings indicated that carbocisteine conferred a dose-dependent therapeutic effect, which was in agreement with our previous findings related to the anti-inflammatory actions of carbocisteine in vitro.[@CIT0007],[@CIT0008] However, Hanaoka et al showed no significant differences between the two carbocisteine treatment groups.[@CIT0010] Several explanations were likely to be responsible for such a difference. First, the parameters we measured were mucins and pro-inflammation cytokines which were not the same. Additionally, carbocisteine was administered at different doses. In our study, 225 mg/kg/d carbocisteine in mice was equivalent to 1500mg/d in COPD patients. Our previous study has shown that 1500 mg/d carbocisteine was sufficient to markedly reduce the risk of COPD exacerbations.[@CIT0006] Third, the duration of administration with carbocisteine was 12 weeks which was much longer than 21 days in the study by Hanaoka et al.

CMH is the key element leading to small-airway airflow obstruction, remodeling of airway epithelial and lung function decline.[@CIT0001],[@CIT0003] Roy and colleagues showed that Muc5b, but not Muc5ac, was required for airway defense and that the decrease of Muc5b could hamper mucus clearance.[@CIT0019] Additionally, publications have stated that the levels of MUC5B in BALF and sputum were increased in COPD patients,[@CIT0032]--[@CIT0034] while carbocisteine could balance fucosylated and sialylated sugar chains,[@CIT0013] normalize the viscous property of mucus[@CIT0012] and reduce MUC5AC expression. We speculated that the decrease of Muc5b might have played an important role in COPD pathogenesis and carbocisteine might reduce the expression of Muc5b in COPD mice model. Our data supported this hypothesis by showing that carbocisteine reduced Muc5b expression and restored the Muc5b/Muc5ac ratio in a dose-dependent manner in COPD mice model. The decrease of the Muc5b/Muc5ac ratio in COPD mice model was in contrast to the findings in COPD patients reported in Kokam et al's study,[@CIT0020] in which COPD patients without acute exacerbations within 6 weeks were observed, whereas in our COPD mice model, inflammatory cells infiltration was found and inflammatory mediators closely correlated with the excessive secretion of Mucin. Moreover, mucin we measured in BALF which may be different from that in induced sputum.

To our knowledge, our data were the first to investigate the Muc5b/Muc5ac ratio in carbocisteine prevention of COPD mice model. We specifically showed that the increased ratio of Muc5b over Muc5ac correlated with increased pro-inflammatory cytokines levels and higher pulmonary parameters such as RI and FRC and lower Cdyn. This increased Muc5b/Muc5ac ratio (the relative decrease in Muc5b) may alter mucin composition and attenuate mucus clearance.[@CIT0019] The unbalance of the Muc5b/Muc5ac ratio likely represents a major cause of mucus plugging in COPD pathogenesis. Our previous studies showed that carbocisteine attenuated hydrogen peroxide and TNF-alpha-induced inflammation in vitro via suppressing NF-kB and ERK1/2 MAPK signaling pathways.[@CIT0007],[@CIT0008] Additionally, IL-6 and IL-17 regulate Muc5b expression via the ERK signaling pathway,[@CIT0035] and IL-1b and IL-17A mediate Muc5b expression by NF-kB-based transcriptional mechanism in vitro.[@CIT0028] We hypothesized that carbocisteine may regulate Muc5b expression via suppressing NF-kB and ERK1/2 MAPK signaling pathways in COPD mice model, thereby affecting the progression of COPD. Further studies are needed to explore the signaling pathways of carbocisteine that may impact COPD progression.

CS-induced model has been a well-established method for studying COPD in mice. The CS-induced model may present with hallmark features mimicking human diseases,[@CIT0036]--[@CIT0038] which is particularly true that CS exposure plus airway LPS inhalation for short-term studies.[@CIT0022],[@CIT0039] In our study, mice were instilled with LPS intratracheally instead of intranasally, in order to ensure the precise administration of LPS at the target location, which should be regarded as one of the most innovative aspects of our study. Moreover, although many studies have shown an increase in MUC5AC expression in COPD patients or smokers[@CIT0040]--[@CIT0042] and that carbocisteine could reduce the overproduction of MUC5AC,[@CIT0011],[@CIT0025] no study so far has investigated how carbocisteine influence on MUC5B expression. Our study was the first to provide scientific observation on the mode of action of carbocisteine on Muc5b expression induced by CS exposure with LPS intratracheally instillation in a dose-dependent manner in COPD mice model.

Some limitations should be mentioned. First, we did not measure the specific concentration of Muc5ac or Muc5b. However, there were no widely accepted ELISA kits or standards for detection of Muc5ac and Muc5b in BALF of mice. Furthermore, the methods we used were in accordance with those in Yageta et al's study.[@CIT0011] Second, we did not use immunohistochemistry for analyzing mucin localization. Muc5b was produced mainly in cells of submucosal glands.[@CIT0015] However, there were few glands in lung pathology in our study. The next step is to sample the trachea of mice to further analyze the mucin localization in the treatment group. In addition, Muc5b^−/-^ mice should be used to establish COPD model to further determine how carbocisteine impact on Muc5b expression.

In conclusion, carbocisteine decreased the secretion of Muc5ac and Muc5b and restored Muc5b protein levels, thereby improving lung function and alleviating the inflammatory responses, which may improve mucus clearance and provide a more in-depth explanation of the pharmacological actions for clinical application of mucolytics, such as carbocisteine, in patients with COPD.
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